Introduction {#sec1}
============

Antimicrobial finishing of textile polymers in the healthcare sector has garnered much attention to reduce the chance of transmission of infectious diseases.^[@ref1],[@ref2]^ Natural biomacromolecule application in the medical field has attracted great interest due to their molecular structure, biocompatibility, tactility, biodegradability, regenerative capability, antistatic behavior, and easy availability. Among various natural polymers, the use of cellulosic polymer in developing medical material dates back to antiquity.^[@ref2]−[@ref4]^

Banana fabric is a special class of cellulosic polymer that is obtained from tons of stem and leaf waste thrown annually after the harvesting of the fourth most important food crop, the banana fruits. Banana plant (*Musa sapientum*) is a perennial herbaceous plant, grown typically in tropical areas. Chemically, banana fiber is a lignocellulosic fiber with 60--65% cellulose, 6--19% hemicellulose, 5--10% lignin, 3--5% pectin, 1--3% ash, and 3--6% extracts in composition.^[@ref5]−[@ref7]^

The growth of microorganisms on cellulosic natural fabrics not only affects its aesthetic and hygienic value but also has a negative impact on the wearer's health. The organic content of cellulosic biomacromolecules acts as media for the growth of microorganisms. The microbial attack often inflicts a range of undesirable consequences on the wearer like the obnoxious smell, staining, discoloration, and increased probability of contamination.^[@ref8]−[@ref10]^ Various natural and synthetic antimicrobial agents are available that prevent bacterial growth and also prevent unusual odor; however, most of these are not sustainable and economic.^[@ref10]−[@ref12]^ Eco-friendly clothing with microbial resistance is gaining popularity nowadays. Antimicrobial agents from plant origin have a curative effect as they are effective against various infectious microorganisms.^[@ref1],[@ref13],[@ref14]^ The presence of noncellulosic components affects the surface properties of the banana fiber, which further controls the wettability of the polymer.^[@ref15]^ A cellulosic component of the banana fiber has been recognized as media to support the growth of microorganisms, making it very prone to microbial attack. There are a few papers that reported on the use and characterization of the banana fiber.^[@ref16]−[@ref18]^

The dielectric barrier discharge (DBD) plasma treatment is an eco-friendly, dry, and economically viable technique that has attracted great interest in recent years as it alters the surface properties of the polymers without affecting their bulk properties.^[@ref19]−[@ref21]^ The influence of plasma treatment applied on the banana fiber on the mechanical properties, wettability, chemical composition, and surface morphology has been studied.^[@ref19]^ The present investigation reports a novel approach to improve the antimicrobial property of the banana fabric by adopting the DBD plasma technique followed by surface coating with herbal extract.

In the current study, the banana polymer fabric was functionalized by dielectric barrier discharge (DBD) air plasma, which was subsequently integrated with coating of the natural extract to overcome its limitation of poor antimicrobial activity. The banana fabric was exposed to air DBD plasma for different time durations to generate polar functional groups and to enhance its wettability. The plasma-exposed banana fabric was subsequently coated with tulsi (*Ocimum sanctum*) and green tea (*Camellia sinensis*) leaf extracts, respectively, to enhance its antimicrobial activity. Both qualitative and quantitative antimicrobial tests were performed against Gram-positive bacteria (*Staphylococcus aureus*) and Gram-negative bacteria (*Escherichia coli*), respectively. Surface analysis of the treated and untreated banana fabric was carried using different characterization techniques such as X-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM), Fourier transform infrared (FTIR) spectroscopy, scanning electron microscopy (SEM), contact angle measurement, etc.

Results and Discussion {#sec2}
======================

Plasma Treatment {#sec2.1}
----------------

Banana fabric was treated with atmospheric-pressure DBD air plasma at different exposure times, i.e., from 1 to 5 min with an interval of 1 min at a constant electrode gap of 0.75 mm. The plasma formed was visualized to be intense and uniform. The air plasma exposure modifies the surface morphology and brings chemical changes to the banana fabric surface, which has been discussed in subsequent sections.

Wet Loss Test {#sec2.2}
-------------

The increase in weight loss from 0.1666 to 0.243% was observed with an exposure from 1 to 5 min ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). Plasma treatment escalates both degradation and abolishment of dross elements present on the fabric surface. These impurities decrease the surface energy of the fabric, which ultimately makes the fabric hydrophilic. These results stipulate removal of unwanted substances like pectin, wax, and hemicellulose present on the surface of the cellulosic fabric.^[@ref7],[@ref22],[@ref23]^ Plasma treatment changes the chemical and physical morphologies of the cellulosic fabric. Since plasma treatment is a surface etching process, impurities present on the fabric surface can be broken into small fragments and can be etched away by the flow of plasma during treatment.^[@ref24],[@ref25]^ At 5 min exposure time, a reduction in weight loss percentage indicated that maximum impurities were removed at 4 min plasma treatment.

![(a) Weight loss percentage, (b) hydrophilicity of fabric, and (c) wet-out time.](ao0c02380_0001){#fig1}

Hydrophilicity Test {#sec2.3}
-------------------

The hydrophilicity test of untreated and plasma-treated fabrics with different treatment times (1--5 min) is illustrated in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b. A gradual increase in hydrophilicity was observed from 1 to 5 min exposure in air plasma with a maximum increase at 4 min exposure. Free-radical species like ions and functional groups (−OH, −COOH) generated in plasma shall react with the cellulosic layer of fabric, making it highly reactive, due to which the hydroxyl groups of cellulosic fabric get oxidized into aldehydes and further oxidized into carboxylic acids.^[@ref10],[@ref19],[@ref26],[@ref27]^ The carboxylic acids have a high polarity then the hydroxyl group, so the hydrophilicity of the fabric increased at 4 min plasma treatment. After 4 min plasma exposure, the fabric surface was saturated with the carboxyl groups, and there was no scope for further conversion of the hydroxyl groups into the carboxyl groups.

Wet-Out Time {#sec2.4}
------------

Plasma has a significant effect on the hydrophilicity of the fabric. Water absorbency increased with an increase in exposure time. The 4 min plasma-exposed sample absorbed water in just 0.16 min compared to 2 min taken by the untreated sample ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c). However, there was no significant change in wet-out time after 4 min. It may be due to the maximum removal of impurities from the fabric.^[@ref28],[@ref29]^

Antibacterial Test {#sec2.5}
------------------

Quantitative and qualitative antimicrobial activities of treated and untreated samples were carried out post coating with green tea (*C. sinensis*) and tulsi (*O. sanctum*) leaf extracts. This analysis was carried out with test organisms *E. coli* and *S. aureus*. The 4 min plasma-treated sample was selected for antimicrobial testing on the basis of the optimized studies. It was evident from the results shown in [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"} that the zone of inhibition increased with increasing concentration of plant extracts. [Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"} show the images of antibacterial test for plant extracts *O. sanctum* and *C. sinensis*, respectively. For quantitative analysis, plant extracts with 5% concentration were used as it gave the best result in the agar plate method. Plasma pretreated and natural-extract-coated fabrics showed an increase in bacterial reduction percentage than the untreated fabric. The results summarized in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} reflect that the plasma-treated fabric treated with tulsi leaf extract showed 88 and 95% bacterial reductions for *E. coli* and *S. aureus*, respectively, which was higher than that for the untreated fabric. The same pattern of the result (91 and 87% bacterial reduction for *E. coli* and *S. aureus*, respectively) was observed with the green tea extract-finished fabric;^[@ref23]^ this is attributed to the increase in the hydrophilicity of the fabric. The improved hydrophilicity due to plasma treatment enhanced the absorption of antimicrobial coating, increasing the bacterial reduction percentage.

![Effect of concentration on *O. sanctum* leaf extract-treated and untreated fabric against (a) *E. coli* and (b) *S. aureus*.](ao0c02380_0012){#fig2}

![Effect of concentration on *C. sinensis* leaf extract-treated and untreated fabric against (a) *E. coli* and (b) *S. aureus*.](ao0c02380_0019){#fig3}

![*O. sanctum* leaf extract agar plate against *E. coli* (A--G from 5 to 1% concentration) and *S. aureus* (F--J from 5 to 1% concentration); fabric size: 1 cm × 1 cm.](ao0c02380_0020){#fig4}

![*C. sinensis* leaf extract agar plate against *E. coli* (A--G from 5 to 1% concentration) and *S. aureus* (F--J from 5 to 1% concentration); fabric size: 1 cm × 1 cm; 1, untreated; 2, plasma-treated; 3, untreated + extract; 4, plasma-treated + extract.](ao0c02380_0021){#fig5}

###### Bacterial Percentage Reduction in Plasma-Treated and Untreated Samples^[@ref23]^

                tulsi extract (*O. sanctum*)   green tea extract (*C. sinensis*)        
  ------------- ------------------------------ ----------------------------------- ---- ----
  *E. coli*     85                             88                                  88   91
  *S. aureus*   81                             95                                  81   87

Various studies reported that natural plant extract contains various antioxidant and bioactive components like flavonoids, terpenoids, polyphenols, tannins, etc.^[@ref29]−[@ref31]^ Eugenol and catechin are the main components responsible for the antimicrobial activity of tulsi and green tea leaves, respectively.^[@ref32],[@ref33]^ These components may cause alteration in the lipid layer of bacterial cell or changes in cell morphology, which ultimately change the permeability of cell membrane and cause cell lysis. Another theory suggests that bioactive components inhibit the action of some bacterial enzymes, which results in cell death.^[@ref34],[@ref35]^

Assessment of Antimicrobial Durability {#sec2.6}
--------------------------------------

The main aspect to be considered in antimicrobial finishing treatment is its durability on the fabric after repeated washing. In this experiment, the fabrics modified with plasma and natural extract were washed through four laundering cycles and the antibacterial performances were investigated after each cycle.

The findings are reported in [Figures [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}--[9](#fig9){ref-type="fig"}.

![Effect of laundry cycles on *O. sanctum* leaf extract-coated plasma-treated and untreated fabric against (a) *E. coli* and (b) *S. aureus*.](ao0c02380_0022){#fig6}

![Effect of laundry cycles on *C. sinensis* leaf extract-coated plasma-treated and untreated fabric against (a*) E. coli* and (b) *S. aureus*.](ao0c02380_0023){#fig7}

![*O. sanctum* leaf extract agar plate against *E. coli* (laundry cycle A--D) and *S. aureus* (laundry cycle E--H); fabric size: 1 cm × 1 cm.](ao0c02380_0024){#fig8}

![*C. sinensis* leaf extract agar plate against *E. coli* (laundry cycle A--D) and *S. aureus* (laundry cycle E--H); fabric size: 1 cm × 1 cm; 1, untreated; 2, plasma-treated; 3, untreated + extract; 4, plasma-treated + extract.](ao0c02380_0025){#fig9}

Durability was tested based on the antibacterial activity using the standard Agar plate method. The untreated fabric showed inhibitory zones of 1.7, 1.5, 1.1, and 1 cm for *O. sanctum* leaf extracts against *E. coli* and 1.5, 1.4, 1.1, and 1.1 cm against *S. aureus* for laundry cycles 1--4, respectively. The modified fabric showed a greater zone of inhibition than unmodified fabric, i.e., 2.8, 1.7, 1.3, and 1.2 cm for *O. sanctum* leaf extracts against *E. coli* and 2.4, 2.2, 1.3, and 1.1 cm against *S. aureus* for laundry cycles 1--4, respectively. The same pattern was observed with the *C. sinensis* leaf extract fabric. As mentioned earlier, both chemical and physical modifications after plasma treatment increase bonding of the cross-linking agent and the natural extract to the fabric, which increases its durability.^[@ref27]^ Hence, coating of a natural extract on a plasma-modified biopolymer is an eco-friendly, economically driven, novel, greener route for the production of durable antimicrobial textile.

Phytochemical Investigation {#sec2.7}
---------------------------

The results obtained from the qualitative phytochemical investigation of leaf extracts are summarized in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}.^[@ref36],[@ref37]^ This study suggested the presence of constituents like tannins, alkaloids, terpenoids, and flavonoids, which are very well known for exhibiting medicinal as well as physiological activities.^[@ref38]−[@ref40][@ref44]−[@ref46]^ The presence of natural phenols, catechin in green tea leaves and eugenol in tulsi leaves, was endorsed by FTIR investigation ([Figures [18](#fig18){ref-type="fig"}](#fig18){ref-type="fig"} and [21](#fig21){ref-type="fig"}) of extracts. The presence of catechin and eugenol was also confirmed by high-pressure liquid chromatography (HPLC) investigation in several reports.^[@ref32],[@ref41]−[@ref43]^ The mechanisms of antibacterial activity of catechin and eugenol have been reported to be associated with the activity of membrane injury, including the effect on membrane fluidity.^[@ref12],[@ref32],[@ref37],[@ref47]−[@ref49]^

###### Phytochemicals Investigation of Tulsi (*O. sanctum*) and Green Tea (*C. sinensis*)^[@ref36],[@ref37]^[a](#t2fn1){ref-type="table-fn"}

  phytochemical constituents   tulsi (*O. sanctum*)   green tea (*C. sinensis*)
  ---------------------------- ---------------------- ---------------------------
  alkaloids                    \+                     \+
  flavonoids                   --                     \+
  tannins                      \+                     \+
  terpenoids                   \+                     \+
  polyphenols                  \+                     \+

+: Present; −: Absent.

Thermogravimetric Analysis (TGA) {#sec2.8}
--------------------------------

Thermogravimetric analysis was carried out in both untreated and plasma-treated banana fabric. [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"} indicates that loss of moisture occurred in the temperature range of 25--94 °C. The depolymerization of α-cellulose is mainly reported at around 290 °C.^[@ref50]^ During this period, rapid weight loss occurs and a large amount of pyrolysis products, such as levoglucosan, is produced. The final pyrolysis occurred above 400 °C.^[@ref50],[@ref51]^ The plasma-treated fabric shows a slightly lower thermal degradation profile than the untreated fabric. This may be due to free oxygen group resulting in changes in polarity and increase in its moisture absorption.^[@ref49]^

![TGA graph of untreated and plasma-treated banana fabric.](ao0c02380_0002){#fig10}

Tensile Strength {#sec2.9}
----------------

Tensile strength is one of the most significant mechanical properties of woven fabrics correlated with bulk materials. The tensile property of the banana fabric is evaluated through a universal tester machine. The results are shown graphically in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}.^[@ref52]^ From the graph, it can be concluded that due to plasma treatment there is no significant variation in tensile properties of untreated and plasma-treated banana fabrics. The graph shows that there is a loss in the tensile strength from 60 to 58 MPa for 4 min plasma treatment. It can also be seen that the yield strength and load at breakage decreased ever so slightly after plasma treatment. This shows that the fibers are degraded to a very less extent after they are subjected to plasma exposure. The tensile strength slightly decreased due to the removal of the upper noncellulosic layer of the fabric, which was also observed in SEM images.^[@ref52]^

![Changes in the tensile property of banana fabric before and after treatment.](ao0c02380_0003){#fig11}

SEM Analysis {#sec2.10}
------------

One of the best known and widely used tools for topographical imaging is SEM analysis. [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"} shows the SEM micrographs of both 4 min plasma-treated and untreated samples. The untreated banana fabric had a smooth surface and many hairlike protruding structures. After 4 min of plasma treatment, the SEM image depicted significant surface changes. The plasma-treated banana fabric had multiple microcracks on the surface, and it appears that the surface got eroded. The main reason behind this erosion was etching by active species formed in plasma. The etching effect caused by atmospheric plasma could be due to the interaction of electrons and ions of plasma with the substrate molecules along with some oxidative reactions with activated oxygen atoms. Some microcracks were also observed. These microcracks and the eroded surface were due to the direct attack of active species of plasma.^[@ref25],[@ref26],[@ref53],[@ref54]^ From different experiments, it has been confirmed that only the amorphous portion gets eroded as it was loosely bound. This observation is also supported with a decrease in weight of the plasma-exposed samples.^[@ref19],[@ref26]^

![SEM images of (a) the untreated sample at 5000× and (b) the treated sample at 5000×, and (c) the untreated sample at 2500× and (d) the treated sample at 2500×, with arrows showing microcracks formation due to plasma treatment.](ao0c02380_0004){#fig12}

Contact Angle {#sec2.11}
-------------

For examination of the surface energy of any material, contact angle goniometer is prominently used to identify whether the surface of the fabric is hydrophilic or hydrophobic. Due to hydrophobicity, water is repelled by the surface of fabric. This type of fabric has a static contact angle larger than 90°. In this experiment, a static sessile drop method was used to determine the contact angle. The contact angles of plasma-treated and untreated samples were taken immediately after dropping of the water drop. During the growth phase of natural fiber, many dross elements also grow on the surface of the natural fiber, such as pectin, hemicellulose, wax, etc.^[@ref22]^ Due to these impurities, the contact angle of the untreated cellulosic fabric was observed to be 130°. Plasma treatment etches away unwanted materials of the fabric, and it also helps to impart oxygen-containing functional groups on the fabric surface, which ultimately increases its hydrophilicity.^[@ref19],[@ref26]^ After DBD plasma treatment, a gradual decrease in water contact angle was observed with increasing treatment time. At 4 min plasma treatment, the contact angle was near to zero because of the removal of maximum impurities. The surface became saturated with the incorporation of active species ([Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"}a,b).

![(a) Variation of contact angle with respect to exposure time and (b) the image showing the contact angles of plasma-treated and untreated fabric.](ao0c02380_0005){#fig13}

FTIR Analysis {#sec2.12}
-------------

The attenuated total reflectance--Fourier transform infrared (FTIR) spectroscopy technique was used to study functionalization eventuated on the fabric surface due to plasma treatment. The FTIR spectrum depicted in [Figure [14](#fig14){ref-type="fig"}](#fig14){ref-type="fig"} shows an increased intensity of peaks in plasma-treated samples, which indicates an increase in the concentration of functional groups after treatment.^[@ref35]^

![FTIR spectra of (a) untreated fabric and (b) fabric treated for 4 min; (i) wavenumber from 600 to 2000 cm^--1^, (ii) wavenumber from 2000 to 4000 cm^--1^, and (iii) whole spectra from wavenumber 600 to 4000 cm^--1^.](ao0c02380_0006){#fig14}

[Figure [14](#fig14){ref-type="fig"}](#fig14){ref-type="fig"} shows that the broad peaks at 3858, 3745, and 3675 cm^--1^ correspond to −CH-- stretching in the ring structure of the cellulosic fabric. Two peaks reported at 3568 and 3246 cm^--1^ correspond to the hydrogen-bonded −OH-- stretching structure, which is present in aromatic and primary alcohols.^[@ref35],[@ref36]^ One sharp peak was observed at 1743 cm^--1^, which is nearest to the reported peak at 1749 cm^--1^, allocated for −C=O-- stretching in carboxylic acid of cellulosic fabric.^[@ref24],[@ref25],[@ref35],[@ref37]^ This peak was prominently seen on the plasma-treated surface of cellulosic fabric compared to untreated fabric. The intensity of the carbonyl group increases on the plasma-treated surface, which is primarily responsible for the enhancement of hydrophilic characteristics.^[@ref19]^ The high-intensity peaks were spotted at 1689 and 1630 cm^--1^, which stipulate the existence of asymmetric carboxylate stretch −COO--. Plasma ions collide with carboxylate groups and convert them into aldehyde groups. One peak was observed at 1149 cm^--1^, assigned to −C--H-- region. The peak regions at 1219, 1149, and 1037 cm^--1^ correspond to the CH wagging (−CH~2~-X) region of glucosides, which confers the presence of cyclic ether. The C--H wagging structure in the area between 1020 and 1250 cm^--1^ is stated in different reports.^[@ref19],[@ref23],[@ref25],[@ref33],[@ref35]^ The peak at 703 cm^--1^ corresponds to the C--O--C structure of the ring, which is present out of plane in polysaccharides. [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"} shows the summary of assigned peaks reported in various studies.

###### Infrared Absorption Frequencies of Untreated and Plasma-Treated Cellulosic Fabric

  sr. no.   literature (cm^--1^)   experimental peaks observed (cm^--1^)   vibration               peak characteristics
  --------- ---------------------- --------------------------------------- ----------------------- ---------------------------------------------------------------------------------------------------------
  1\.       3600--4000             3858, 3745, 3610, 3675                  CH stretch              CH stretching of the ring structure of polysaccharides^[@ref16]^
  2\.       3570--3200             3568, 3246                              OH stretch              bonded and nonhydroxyl group in cellulosic fabric, which is characteristic of glucosides ring^[@ref38]^
  3\.       3000--2800             2925                                    CH stretch              CH structure present in cellulose and hemicellulose^[@ref19]^
  4\.       1728                   1743                                    C=O stretch             carboxyl structure of cellulose^[@ref39]^
  5\.       1650--1633             1630                                    CH stretch              CH wagging in plane^[@ref25]^
  6\.       1510--1520             1523                                    aromatic skeletal       lignin and lignocellulosic^[@ref16]^
  7\.       1200--900              1037, 1149, 1219                        C--O--C, C--O stretch   C~5~--O--C~1~ structure present in polysaccharide^[@ref8]^
  8\.       800--700               703                                     C~1~--O--C~4~           B-glycosidic linkage between monosaccharide^[@ref19]^

AFM Analysis {#sec2.13}
------------

The AFM technique helps to observe differences in the surface topography of treated and untreated samples. The AFM scans were taken in an area of 2 μm × 2 μm at a magnification of 500 nm/division for each sample, and the results were reported in a three-dimensional (3D) plot with section analysis. The untreated banana polymer exhibited a smooth and uniform surface having an average roughness of 10.221 nm ([Figure [15](#fig15){ref-type="fig"}](#fig15){ref-type="fig"}). Due to interaction with plasma ions, the treated fabric revealed an increase in nanoroughness, which was determined using section analysis software and is reported in [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}. Changes visible on the plasma-treated surface are due to the etching effect of plasma ions, which removed surface impurities through the etching process and also helped to increase the average roughness as reported and investigated by various researchers.^[@ref55]−[@ref57]^ Ions of plasma bombard on the surface of polymer, resulting in the evolution of nanoscale roughness. Based on the AFM images in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}, one can conclude that applied plasma ions bombard on the surface of cellulosic fabric, which results in the removal of noncellulosic components and also etches surface.^[@ref57]^

![AFM images of (A) untreated sample and (b) plasma-treated sample; (c) section analysis of untreated sample; and (d) section analysis of plasma-treated sample.](ao0c02380_0007){#fig15}

###### Surface Parameter of Plasma-Treated and Untreated Samples^[@ref55]−[@ref57]^

  parameter           untreated sample   plasma-treated sample
  ------------------- ------------------ -----------------------
  average roughness   10.229 nm          61.911 nm
  root mean square    14.4 nm            82.23 nm
  skewness            --0.85             0.299

XPS Analysis {#sec2.14}
------------

As also reported in previous investigations, the XPS results show that the plasma treatment oxidized the surface of the cellulose fabric.^[@ref4],[@ref54],[@ref58]^ The elemental surface composition of untreated and DBD air plasma-treated samples are shown in [Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"}. The survey scan C 1s and O 1s peaks are depicted in [Figure [16](#fig16){ref-type="fig"}](#fig16){ref-type="fig"}. The calculated atomic percentages reflect that carbon is the main component in banana fabrics followed by oxygen, as can be expected from a cellulosic fabric. Weak peaks of nitrogen and silica are also present in the spectrum, but they were in the negligible range despite the presence of nitrogen in air, thus no significant change in N/C ratio was observed. This signifies the superior reactivity of oxygen species present in air plasma compared to nitrogen species.^[@ref59]^ The analysis of untreated and plasma-treated samples gave O/C ratios of 0.73 and 0.81, respectively, which clearly indicates that the O/C ratio increases after plasma treatment. This increase in the oxygen content on the fabric surface suggests that the bombardment of plasma-activated species leads to incorporation of oxygen-containing functional groups on the cellulosic fibers, thereby increasing the concentration of oxygen on the surface of banana fabric. The enhanced wettability after plasma treatment can also be explained on the basis of increased concentration of polar oxygen species on the fabric surface, thus forming a hydrogen bond with water molecules.^[@ref24],[@ref57]^

![XPS survey analysis of (a) plasma-treated and (b) untreated sample of banana fabric. (c) C 1s XPS spectra of untreated fabric, (d) C 1s XPS spectra of plasma-treated fabric, (e) O 1s XPS spectra of untreated fabric, and (f) O 1s XPS spectra of treated fabric.](ao0c02380_0008){#fig16}

###### Elemental Surface Composition of Untreated and Plasma-Treated Banana Fabrics^[@ref4],[@ref53],[@ref60]^

                                            binding energy (eV)                                                                                                                                 
  ----------------------------------------- ---------------------------------- ------------------------------------- ------------------------------------- ----------- ---- ---- ---- ---- ---- ------
  sample                                    Elemental concentration (atom %)   Carbon group concentration (atom %)   Oxygen group concentration (atom %)   O/C ratio                            
  UT banana fabric                          57.5                               42.5                                  24                                    38          28   15   26   38   29   0.73
  PT banana fabric                          55                                 45                                    19                                    29          34   19   32   44   41   0.81
  theoretical cellulose^[@ref4],[@ref56]^   54.5                               45.5                                  0                                     83          17                       0.83

To have greater insight into the surface chemistry, the curve fitting of all of the samples is performed. Deconvoluted C 1s and O 1s peaks for untreated and plasma-treated fabrics are shown in [Figure [16](#fig16){ref-type="fig"}](#fig16){ref-type="fig"}. High-resolution C 1s spectrum can be deconvoluted into four categories: unoxidized carbon (C--C), carbon with one oxygen bond (C--O--/C--OH), carbon with two oxygen bonds (O--C--O/C=O), and carbon with three oxygen bonds (O=C--O) having binding energies of 284.7, 286.6, 288, and 289.2 eV, respectively.^[@ref4]^ The O 1s spectra are categorized into three peaks C=O, −O--, and −OH having binding energies of 531, 533, and 534.3 eV, respectively.^[@ref60],[@ref61]^ The C1 and C2 peaks in the C 1s XPS spectrum decreased by 21 and 23%, respectively, while the contribution of C3 and C4 carbon increased by 27 and 21% respectively. The observed decrease in the C1 and C2 peaks indicates that plasma treatment resulted in the removal or oxidation of noncellulosic components from the surface. The increases in the C3 and C4 peaks indicate the formation of oxygen--carbon bonds due to the oxidation of cellulosic components of the fabric.^[@ref4],[@ref54],[@ref58]^ The oxidation of the fabric surface due to plasma treatment resulted in an increase in O 1s peak intensity. Due to the increase in oxygen-containing group, the hydrophilicity of the fabric also increased.

Reaction Mechanism at the Molecular Level {#sec2.15}
-----------------------------------------

From the above study, it is inferred that the antimicrobial property of plasma-treated banana fabric is achieved due to chemical and physical changes on the surface. Charged species of plasma ions have a substantial effect on the cellulosic fabric. From the preliminary experiments like weight loss, wet-out time, and hydrophilicity tests, 4 min of air plasma exposure has been endorsed as the optimum time to get maximal surface alteration results. These active species, which are generated by plasma, result in the formation of cellulosic radicals.^[@ref8]^ These cellulosic radicals are created by various mechanisms like bond breakage between C~1~ and ring oxygen, dihydroxylation at C~6~, dehydrogenation at C~6~, dehydrogenation and dehydroxylation between C~2~ and C~3~ after ring opening of anhydroglucose, and bond breakage between C~1~ and glucosidic bond oxygen.^[@ref62]^

With the help of FTIR spectroscopy, the most probable reaction mechanism can be identified ([Figure [17](#fig17){ref-type="fig"}](#fig17){ref-type="fig"}). The peak between 700 and 800 cm^--1^ and the peak between 1200 and 900 cm^--1^ ensure that plasma treatment did not affect β-glucosidic bond (C~1~--O--C~4~) and the cyclic ether bond (C~5~--O--C~1~). Even ring-opening reactions were also impossible. Either dehydrogenation at C~6~ or bond breakage between C~1~ and ring oxygen is the plausible reaction that results in the formation of cellulosic radicals. Due to the oxidation of aldehyde and hydroxyl groups, carboxylic acids are formed. These carboxylic acids increase the hydrophilic nature of the fabric, which results in more effective absorption of antimicrobial finish than the untreated sample.^[@ref28]^

![Reaction mechanism of formation of cellulosic radicals.](ao0c02380_0009){#fig17}

[Figure [18](#fig18){ref-type="fig"}](#fig18){ref-type="fig"} shows the FTIR spectra of crude tulsi extract and tulsi extract with citric acid. The crude extract shows peaks at 1019 and 1635 cm^--1^ corresponding to the C=C group, frequencies near 2100 cm^--1^ corresponding to the C≡C structure, and a peak around 3300 cm^--1^ corresponding to the O--H group vibration stretch of eugenol. In this experiment, 8% citric acid is used as a binding agent. When citric acid is added to tulsi extract, it reacts with the hydroxyl group of C~4~ sites of eugenol to form alkyl aryl ether, which is confirmed from the peak at 1211 cm^--1^ corresponding to the C--O--C aryl alkyl asymmetric vibration in ether. This peak is not present in the FTIR spectra of crude tulsi extract.^[@ref28]^ The probable reaction between citric acid and eugenol is described in [Figure [19](#fig19){ref-type="fig"}](#fig19){ref-type="fig"}.

![FTIR spectra of a) tulsi crude extract and b) tulsi extract and citric acid.](ao0c02380_0010){#fig18}

![Reaction mechanism between citric acid and eugenol.](ao0c02380_0011){#fig19}

When the plasma-treated fabric was treated with antimicrobial finish (tulsi), the carboxylic acid group present in citric acid reacts with the carboxyl group of fabric and results in the formation of an acid anhydride ([Figure [20](#fig20){ref-type="fig"}](#fig20){ref-type="fig"}). The high-intensity peak at 1699 cm^--1^ in the treated fabric corresponding to C=O and the peak near 1140 cm^--1^ (absent in untreated fabric) corresponding to the C--O stretching confirm the presence of acid anhydride in plasma- and extract-treated fabrics. This acid increases the durability of the antimicrobial finish given to treated fabric.^[@ref28]^

![FTIR spectra of (a) virgin banana fabric treated with tulsi extract and (b) plasma-exposed fabric treated with tulsi extract.](ao0c02380_0013){#fig20}

The same reaction occurs between green tea extract and plasma-treated fabric. The FTIR spectra of green tea extract show the presence of catechin, which is responsible for its antimicrobial activity, as shown in [Figure [21](#fig21){ref-type="fig"}](#fig21){ref-type="fig"}. The peak at 3350 cm^--1^ is due to the O--H bond present in catechin. The peak at 1620 cm^--1^ corresponds to the aromatic ring, and that at 1520 cm^--1^ corresponds to aromatic semicircle stretch. The peak near 1280 cm^--1^ corresponds to the hydroxyl group of an aromatic alcohol, and the 1190 cm^--1^ band is due to the C--O stretch of the aromatic structure.^[@ref32]^ The peak around 1211 cm^--1^ confirmed the formation of ether due to the reaction between the hydroxyl group of catechin and citric acid, which is not present in the crude extract.^[@ref62]^ The possible reaction mechanism is shown in [Figure [22](#fig22){ref-type="fig"}](#fig22){ref-type="fig"}.

![FTIR spectra of a) crude extract of green tea and b) green tea and citric acid.](ao0c02380_0014){#fig21}

![Reaction mechanism between citric acid and catechin.](ao0c02380_0015){#fig22}

Complex catechin and citric acid act as an antimicrobial finish. This antimicrobial finish reacts with the carboxylic group, which is present in the plasma-treated fabric, and reacts with citric acid and forms acid anhydride. The FTIR spectra ([Figure [23](#fig23){ref-type="fig"}](#fig23){ref-type="fig"}) of the antimicrobial finish of plasma-treated and untreated fabric confirm these results. The peak at 1702 cm^--1^ corresponding to the C=O stretch and the peak at 1210 cm^--1^ corresponding to the C--O group ensure the presence of acid anhydride in plasma-exposed antimicrobial finished fabric.^[@ref29]^ The final reaction mechanism is shown in [Figure [24](#fig24){ref-type="fig"}](#fig24){ref-type="fig"}.

![FTIR spectra of (a) virgin banana fabric treated with green tea extract and (b) plasma-exposed banana fabric treated with green tea extract.](ao0c02380_0016){#fig23}

![Reaction mechanism of antimicrobial finish with plasma-treated banana fabric.](ao0c02380_0017){#fig24}

Conclusions {#sec3}
===========

In the present study, it was observed that plasma treatment has a profound effect on the physical and chemical structures of the banana fabric. The influence of operating parameters like treatment time was studied using some prefatory experiments like weight loss, wet-out time, and hydrophilicity tests. These experiments showed that DBD plasma treatment for 4 min substantially modified the surface of the banana fabric. DBD plasma treatment increases the hydrophilicity by increasing concentration of carbonyl groups after the formation of cellulosic radicals. The FTIR analysis endorses the increase in the intensity of polar groups after plasma treatment. The XPS study reveals that after plasma treatment, the O/C ratio increased, which is due to the formation of oxygen-containing carbonyl groups on the banana fabric surface, and these groups help to bind water molecules easily. Due to these chemical and physical changes on the banana fabric surface, higher concentrations of herbal molecules (eugenol and catechin) get bonded and provide superior antimicrobial activity to the plasma-treated banana fabric. The present study has demonstrated a sustainable and eco-friendly way of improving the antimicrobial property of the banana fabric by DBD air plasma treatment followed by tulsi/green tea leaf extract surface coating.

Although the surface property alteration obtained by plasma treatment is very complex, being an eco-friendly dry technology, it reduces the consumption of chemicals and water. This technology, with the potential to replace conventional methods, is a boon to textile and medical industries.

Materials {#sec4}
=========

Banana fabric of 100% purity and 0.43 mm thickness was procured from a local vendor in Jaipur, Rajasthan. The banana fabric was rinsed three to four times in distilled water and subsequently dried in air, before treatment. A 5 cm × 5 cm fabric sample was used for the plasma treatment, and a 1 cm × 1 cm fabric was used for the antimicrobial test. Citric acid, C~6~H~8~O~7~, a cross-linking agent for effective binding of plant extract with fabric, was purchased from HiMedia with a minimum assay of 99.7%. Agar powder, a solidifying medium, made by a mixture of two polysaccharides, agarose and agaropectin, was purchased from HiMedia. Luria broth, a nutritionally rich medium containing 10 g/L peptone, 5 g/L sodium chloride, and 5 g/L yeast extract, was purchased from SRL Chemicals. *O. sanctum* (family Lamiaceae), tulsi or, holy basil was obtained from the campus of Manipal University, Jaipur. The tulsi leaves were washed with distilled water to remove impurities, dried in air, and pulverized in the powdered form. *C. sinensis* (family Theaceae) or green tea leaves were purchased from a local vendor in Jaipur in dry form and used as it is.

Experimental Section {#sec5}
====================

Plasma Treatment {#sec5.1}
----------------

Atmospheric-pressure DBD air plasma treatment was used to modify the surface of banana fabric. The schematic arrangement of the experimental setup is presented in [Figure [25](#fig25){ref-type="fig"}](#fig25){ref-type="fig"}. The plasma discharge was produced between two electrodes made of aluminum. The upper electrode was of circular shape having 0.75 mm diameter and 10 mm thickness, and the lower electrode was square in shape with a 150 cm × 150 cm dimension. The lower electrode was covered with three layers of wire mesh (\# No. 150) and two layers of PET (as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). An electrode gap of 0.75 mm was maintained with the help of a spacer between the two electrodes. The power supply used for the present experiments works at 3 kV DC and 50 kHz frequency. This whole setup of electrodes was placed in an acrylic chamber of 400 mm × 400 mm × 300 mm dimension having one gas inlet and one gas outlet. The banana fabric was cut into a dimension of 5 cm × 5 cm and exposed to different treatment times from 1 to 5 min. Further experiments were performed on the plasma-treated fabric.

![Schematic arrangement of the plasma chamber.](ao0c02380_0018){#fig25}

Extract Preparation and Antimicrobial Treatment {#sec5.2}
-----------------------------------------------

Green tea and tulsi leaf extracts were used as an antimicrobial agent. Different concentrations (1--5%) of both the extracts were prepared separately in distilled water and ethanol (80:20) by heating the solution in a water bath at 60 °C for 60 min. The extract was cooled down and filtered using Whatman filter paper 1 for further use. Citric acid (8%) was added as a binding agent. This freshly prepared extract was subsequently used as an antimicrobial finishing agent. The plasma-treated and untreated fabrics were immersed in both the plant extracts for 45 min at room temperature. The samples were then air-dried and cured at 80 °C for 2--3 min.

Assessment of Antimicrobial Finish {#sec5.3}
----------------------------------

For analyzing the antimicrobial efficacy of banana fabric, the samples were subjected to an agar diffusion test (90-2011) and modified Hohenstein test (JIS L 1902). *S. aureus* is used as the representative of Gram-positive organisms, and *E. coli* is used as the representative of Gram-negative organisms.

The assessment of agar diffusion test was based on the size of zone of the inhibition measured around the test sample. Evaluation of the modified Hohenstein test was done on the basis of percentage reduction of bacteria by the sample. Percentage reduction was calculated using the following formulawhere *R* is the percentage bacterial reduction, *A* is the number of bacteria recovered from inoculated untreated test sample, and *B* is the number of bacteria recovered from inoculated treated test sample.

Assessment of Hydrophilicity Test {#sec5.4}
---------------------------------

Hydrophilicity test was performed according to British Standard 3449:1990. The sample was cut into a 3 cm × 3 cm dimension for the hydrophilicity test. The absorption percentage was calculated using the following formula

Wicking Test {#sec5.5}
------------

Wicking test (AATCC197) was performed to detect the capillary action of water through the fabric sample before and after the treatment. For the wicking test, banana fabric was cut into a 2 cm × 2 cm dimension.

Weight Loss Test {#sec5.6}
----------------

The banana fabric contains many impurities, which can be removed by various surface treatment methods. For the weight loss test, the banana fabric was cut into a 5 cm × 5 cm dimension. The weight loss percentage can be calculated using the following formulaHere, *W*~1~ is the weight of the fabric before plasma treatment and *W*~2~ is the weight of fabric after plasma treatment.

Wet-Out Time {#sec5.7}
------------

The wet-out time (AATCC test 79-2007) test was performed to measure the water absorbency capacity of treated and untreated fabrics. Distilled water (100 μL) could fall from a height of 2 cm at five different places on treated and untreated fabrics of size 2 cm × 2 cm. The average wet-out time with standard deviation was reported.

Hand Laundering Test for Apparel {#sec5.8}
--------------------------------

The treated and untreated polymers were tested for their wash fastness using wash durability testing. Washing was carried out according to the hand wash test (AATCC-124-2009) using a nonionic detergent Tween 80 at room temperature. After drying, the test samples were assessed for antimicrobial activity using the AATCC 100 procedure.

Phytochemicals Tests {#sec5.9}
--------------------

A qualitative phytochemical analysis for the identification of secondary metabolites was carried out using standard protocols in the mixture (1:1) of ethanolic and aqueous extracts of tulsi (*O. sanctum*) and green tea (*C. sinensis*) leaves, respectively.

Mayer's Test for Alkaloids {#sec5.10}
--------------------------

In 5 mL of leaf extract were added 1 mL of dil. HCl and Mayer's reagent \[potassium tetraiodomercurate (II)\] with continuous shaking. The appearance of a white-yellow precipitate indicated the presence of alkaloids.^[@ref63]^

Sodium Hydroxide Test for Flavonoids {#sec5.11}
------------------------------------

A leaf extract (3 mL) was taken in a test tube, and 1 mL of 10% of NaOH was added into it. Appearance of an intense yellow color indicated the presence of flavonoids.^[@ref39],[@ref64]^

Ferric Chloride Test for Tannins {#sec5.12}
--------------------------------

To 1 mL of a leaf extract in a test tube, a few drops of 10% drop of ferric chloride had been added with constant shaking. The mixture displayed a green color, indicating the presence of tannins.^[@ref63],[@ref64]^

Salkowski Test for Terpenoid {#sec5.13}
----------------------------

Each extract (5 mL) had been mixed in a test tube with 2 mL of chloroform (CHCl~3~). To form a base, 3 mL of concentrated H~2~SO~4~ has been carefully applied to the mix. The formation of a reddish-brown color at the interface confirmed the presence of terpenoids.^[@ref63],[@ref64]^ If terpenoid is present, an interface with reddish coloration has been established.

Test for Polyphenol {#sec5.14}
-------------------

A leaf extract (2 mL) was added in 5 mL of distilled water and heated for 10 min on a water bath. Ferric chloride (1 mL) was added, followed by 1 mL of 1% potassium ferricyanide. The formation of green-blue coloration confirmed the presence of polyphenol.^[@ref63]−[@ref65]^

Statistical Analysis {#sec5.15}
--------------------

All experiments were performed in triplets. Average and standard deviation were reported.

TGA {#sec5.16}
---

Thermogravimetric analyses of untreated and plasma-treated banana fabrics were carried out using a DTG-60H from Shimadzu apparatus to evaluate the effect of plasma treatment on thermal degradation. Both samples were scanned over the temperature range of 30--500 °C at dynamic flow under atmospheric nitrogen at a flow rate of 50 mL/min.

Tensile Strength {#sec5.17}
----------------

Tensile strength is one of the most significant mechanical properties of woven fabrics correlated with bulk materials. In this analysis, the tensile properties of untreated and plasma-treated banana fabrics are calculated as strip strength according to the standard method ISO 13934-1 using a universal tensile testing machine (UTM) (Instron make UTM, 50 KN).

Surface Characterization of the Fabric {#sec5.18}
--------------------------------------

A surface morphological study of untreated and plasma-treated samples was carried out at different magnifications by a Nova Nano Fe-SEM 450 electron microscope at an accelerating voltage of 20 kV.

A DataPhysics contact angle goniometer with serial number OCA15EC was used to examine the wettabilities of treated and untreated fabrics. The fabric was placed on an FSC80 sample holder, and distilled water was dropped on five different places on the fabric with the help of a dosing needle having a length of 51 mm. The contact angle was recorded using video-based contact angle measuring software SCA21.

Functional groups on plasma-treated^[@ref66]^ and untreated fabric surfaces were analyzed by an ATR-FTIR spectrometer (Alpha, Bruker, Germany). The spectra were recorded in the range of 4000--600 cm^--1^ with 64 scans.

A commercial multimode sample scanning AFM (model CSPM- NT-MDT-INTEGRA) was used for imaging the surface of the banana specimens. The vertical resolution of the apparatus was 0.1 nm, and the horizontal resolution was 0.2 nm. All the AFM images were obtained in the contact mode with a silicon nitride cantilever at a scanning speed of 1.0 Hz and scan range of 100 μm × 100 μm × 10 μm/3 μm × 3 μm × 2.6 μm under ambient conditions.

For the analysis of elemental composition on the surface of the fabric, XPS analysis was performed using an Omicron Nanotechnology XPS system from Oxford Instruments (model ESCA+ equipped with a 124 mm hemispherical electron analyzer using Al Kα radiation as the excitation source (energy 1486.6 eV). The binding energy of C 1s of 284.6 eV was used as the reference. The XPS spectra are collected in vacuum at a chamber pressure of 3 × 10^--10^ mbar and an X-ray resolution of 0.6 eV.
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